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Abstract 

Non-Abelian gauge theory with a warped extra dimension is studied as a quan- 
tum field theory at an intermediate scale that is regarded as being much lower than 
the scale of the geometry stabilization and the Planck scale. Loop corrections for 
zero-mode vertices are diagrammatically calculable in perturbation at the intermedi- 
ate scale. The contribution for each diagram can be compared to the correspondent 
in the four-dimensional theory. It is found that for a part of the contributions the 
coefficient for the logarithmic scaling has the same value as the four-dimensional re- 
sults. A viewpoint to treat corrections associated with higher-dimensional operators 
is also discussed. 



1 Introduction 



Physics of extra dimensions is an interesting possibility of physics beyond the standard 
model [I]-[I2]- As in a picture believed commonly, physical quantities are momentum- 
dependent so that quantum corrections should be considered. However, it is far from 
the full understanding when extra dimensions are included. There are problems of 
higher-dimensional theory. One arises from a property of non-renormalizability. This 
inevitably gives rise to innumerable higher- dimensional operators. Another is that loop 
integrals of virtual processes have higher degrees of divergence than the corresponding 
four- dimensional integrals. These problems are related to applicability of the theory to 
describe high-energy behavior. It may be prospective to claim that quantum effects in 
higher-dimensional theory are derived only in an ultraviolet completion. As such a cir- 
cumstance, there are some calculations of extra-dimensional loop effects. In flat space, 
gauge couplings have linear divergence [131 [II]. In warped space, the divergence of gauge 
couplings is logarithmic [T5l [T6] . Taking into account the form of the background may 
give a clue to address the problem of high degrees of divergence for loop integrals. 

Extra dimensions need to be hidden if they exist. At low energies spacetime is ef- 
fectively in four dimensions and at high energies extra dimensions are visible or their 
signals are visible. It is possible to describe well this picture in a method of tracking the 
number of Kaluza-Klein (KK) modes [T71 [TS]. In this method, the coupling has linear 
dependence on the number of KK modes. At higher energies the number of KK modes is 
proportional to the cutoff so that dependence is linear to the cutoff. In a typical theory 
with flat extra dimensions, coupling constants quickly grow and become non-perturbative 
at about (9(10) times larger than the KK scale. If the higher- dimensional theory is a 
perturbation theory only right above the KK scale, the region where it is regarded as a 
quantum field theory would be too small. Flat extra dimensions may not be suitable for 
perturbation theory of quantum fields in higher dimensions. In warped space, a position- 
dependent cutoff directly leads to extra-dimensional signals without tracking the number 
of KK modes. The pioneering idea with warped space was to generate the hierarchy by 
making the cutoff on the Planck brane be such a large scale as the Planck scale [10] . Here 
we stress it is nontrivial whether the idea of the hierarchy solution is compatible with 
the aspect that at the Planck scale gravity may be quantized. When the Planck scale is 
included in the context of a theory, the geometry does not appear to be fixed in a classi- 
cal form. Therefore, if there is an extra-dimensional theory as a quantum theory without 
including quantization of gravity, the candidate might be a theory in warped space at an 
intermediate scale whose cutoff is much larger than the TeV scale and much less than the 
Planck scale. 

In this paper, we study a quantum field theory in warped space at an intermediate 
scale between the TeV and the Planck scales. The intermediate scale is regarded as 
being much lower than the scale of the geometry stabilization or the Planck scale. In 
order to avoid the appearance of the Planck scale in the present framework, we place 
the intermediate and TeV branes at the ends of the bulk instead of the Planck and TeV 
branes. In dealing with the action integral of field theory, one of the important things 
is to have a guide of invariance of theory. On the one hand, Lorentz invariance in the 
bulk is explicitly broken. On the other hand, gauge invariance tends to be preserved at 
high energies [IH]. In this light, we deal with gauge theory, although the estimation of the 
effect of the extra-dimensional Lorentz violation is beyond the scope of this paper. The 
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vertices of our interest are interactions for low-mass states which are dynamical in effective 
theory. We examine vertex corrections to self-couplings where zero modes are in external 
lines. Introducing a position-dependent cutoff, we find that it is possible to perform 
diagrammatic calculations where the contributions include the effect of a virtual bulk 
propagation. The values of the corrections are not so different from the four- dimensional 
correspondent and this supports validity of perturbation at the intermediate scale. On 
the other hand, it is found that there is nontrivial dependence of the corrections on 
the curvature and the warp factor and that for a part of each diagram the coefficient 
for the logarithmic scaling has the value in the four-dimensional theory. In addition 
to the problem of validity of perturbation, we discuss the problem of higher- dimensional 
operators associated with non-renormalizability. Non-renormalizability is linked to infinite 
number of counterterms. We point out a direction to try to identify vertex corrections for 
low-mass states from higher-dimensional operators without knowing details about how 
higher-dimensional operators themselves are generated and receive corrections. 

This paper is organized as follows. In Sec. IH an outline of calculations of vertex 
corrections with a position-dependent cutoff is given. In Sec. El the model of non-Abelian 
theory in warped space is given. In Sec. HI our result of loop corrections is shown. In 
Sec. [5l higher-dimensional operators are discussed. We conclude in Sec. [61 Details of 
Green functions and formula of Bessel functions are summarized in Appendices \M and [Bl 
respectively. 

2 Position-dependence of vertex corrections 

Our interest in this paper is quantum aspects of vertices in five-dimensional spacetime. 
As two external lines correspond to propagators, the first vertex appears when the num- 
ber of external lines is three. With taking into account a three-point vertex, we can 
imagine the further extension to multiple point diagrams and higher loop corrections. 
The treatment of two-point diagrams can be read from that of three-point diagrams so 
that the comparison of the two-point diagrams with the three-point diagrams is applied 
to the analysis of multiple point diagrams. In addition, in the four- dimensional theory 
the two-loop renormalization for two-point diagrams needs the one-loop counterterms for 
three-point diagrams. 

For the external lines with fixed positions, their vertices are located at various positions 
in five-dimensional spacetime. In Figure (H four- dimensional directions are denoted in 
vertical directions and the extra-dimensional direction is denoted in a horizontal direction. 
Each vertex has corrections. As a practical way to deal with warped space, we adopt a 




Figure 1: Tree-level vertices, 
position-dependent cutoff for four-momentum. This is important for keeping perturbative 
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validity of coupling constants. Examples of one-loop diagrams are given in Figure HI For 
the left and right figures for vertices in Figure [21 the momentum cutoffs of loop integral 
are taken differently from each other. All of these position- dependent contributions must 




Figure 2: One- loop vertices. 

be summed up continuously, i.e., must be integrated. 

It is physically important to consider the situation that dynamical fields in effective 
theory below the TeV scale are external lines for three-point functions. For pure gauge 
theory without symmetry breaking, such dynamical fields are massless mode. The zero 
mode is a constant with respect to the position in the extra dimension. We will ex- 
plicitly show in the next section that the Green function connecting a five-dimensional 
field to a four- dimensional zero mode is position-independent. Because of this position 
independence, loop corrections can be calculated for diagrams where external lines are 
amputated. For example, a one-loop diagram composed of three-point interactions is 
shown in Figure [31 The cutoff for the four-momentum is determined by the largest inter- 
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Figure 3: Vertex correction for zero mode 

acting position z shown as the vertical broken line in Figure [31 This diagram involves the 
loop- and z-integrals given by 

/ jr TTT^ / J— T—Gi{z,Zi)Ge{z,Z2)Ge{zi,Z2)xF, (2.1) 

Ji kz J\e\<A, (27r)4 kzi Ji kz2 

where a Green function is denoted as Gp{z,z') and it depends on four-momentum and 
the fifth-dimensional position. The factor F is associated with momentum flow and 
it generally includes the loop momentum i. The position-dependent cutoff has been 
introduced as = Azl/z. The momentum cutoff at 2; = is A and is assumed as 
A ~ lOTeV. For a small z, A^ becomes large. The energy region of the theory depending 
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Energy scale 




Figure 4: The energy region of the theory depending on z. The typical energy scale of 
the theory at a position z is denoted as a circle. 



on z is schematically shown in Figure HJ The loop four-momenta run up to the common 
energy scale, in Figure HI The cutoff of the theory at a position and also the common 
energy scale do not need to reach the typical energy region of the theory at a different 
position, as seen for the theories at z\ and z in Figure HI The other diagrams will be 
taken into account similarly. 

3 Non-Abelian gauge theory in warped space 

In this section, we give the model and the resulting two-point functions and Green func- 
tions. The action integral for non-Abelian gauge theory is given by 

y d^x y rfVdet((?i^L)tr (^-^FMivFpQ(7^^^(7^« - ^^(^)') + '^ghost, (3.1) 

with the metric in the five-dimensional spacetime 

= l^^U^ dx^dx'' - ^dz^). (3.2) 
z^ /c^ 

The four-dimensional Minkowski metric is (+1, — 1, — 1, — 1). The extra-dimensional co- 
ordinate is denoted as z. The coordinate z takes a value in 1 < z < zl = e''^, where 
k is the curvature and L is the size of the extra dimension. The five- dimensional gauge 
field Am is parted into and Az. The gauge fixing can be taken so as to remove kinetic 
mixing terms, 

uiA) = d,A, ■ g'^'' + ^zg^^dzi^Az). (3.3) 
Correspondingly to this gauge fixing, the ghost action integral is given by 

^ghost = J d^x £ '^^{c''{-d^d,)c'' - gr'''ed^{Al 

H<^k''zdz{hz)c'' + igr'"'eezdz{-^Ay) ] . (3.4) 



Here the contraction of a subscript with a superscript stands for a contraction with 77^^^ 
such as Ffj^^F^" = F^^Fp^rj^Prj"" . A contraction with described exphcitly with 

gMN Qyf^(^ F^yFp^g^^Pg^" . This rule will be used throughout this paper. From the 
action integral (13. ip . interactions for and are given by 



dz ( „ , 1 



+k^gr^''{d^Al - d,Al) ■ A^^Al + hz^ g^ j"^^ A^A^A^'' A^ . (3.5) 

In the equation (13. 5p . the first term with three gauge fields being zero mode is the vertex 
of our interest. We will examine how the term receives corrections. 

In order that symmetry group before the gauge fixing in four dimensions is identical 
with the original gauge group, A^ and ghost fields obeys Neumann boundary condition 
and obeys Dirichlet boundary condition. From equations of motion and boundary 
conditions, the zero modes for A^ and ghost are constants with respect to the extra- 
dimensional coordinate. The gauge field is expanded as 

^ 00 

Ap{x, z) = —A^o{x) + ^ NnApn{x)xn{z), (3.6) 

* n=l 

where iV„ is a normalization constant. For the ^ = 1 gauge, massive- mode function Xn 
for Afj, is given by 

X„(^) = ^(Ji(^) + /3„ri(^)), (3.7) 

where (3n = —Joifnn/k)/Yo{'mn/k) = —Jo{mnZL/k)/Yo{'mnZL/k). The mode function 0„ 
for A^ is given by 0„(z) = ik/mn)d^Xn{z). 

The Green functions obeying the following equations can be introduced, 

- -A + ^) Gp{z, z') = '-5{z - z'), (3.8) 



z 



(d!-U + ^^G^^{z,z') = '-6{z-z'), (3.9) 
dl --d, + \ + ^] Sjl{z, z') = y5{z - z'). (3.10) 



With these Green functions, two-point functions in the ^ = 1 gauge for A^, A^ and ghost 
are given by 

{A>^\prz')A''\q,z)) = 6^''i-zG,iz,z')rni'27^)'S\p + q), (3.11) 
{A:{p,z')A''Mz)) = 6'^'^zS,{z,z')i2ny6\p + q), (3.12) 
{Fip,z')d'^iq,z)) = tGpiz,z')i27T)^6\p + q), (3.13) 

where the four-dimensional coordinates are written in a momentum picture via Fourier 
transformation. The explicit forms of Green functions are shown in Appendix |Xl 
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The two-point function for a five-dimensional gauge field and a four- dimensional zero- 
mode gauge field is found from the orthogonality of the mode function. The orthogonality 
of Xn yields 

y^A^{x,z)^ = A^q{x). (3.14) 
With this property and the integral of the Green function 

r %G,{z, z') = r %G,{z, ^').'<. + %G,{z, y).'>. = 4' (3-15) 

Jl rCZ Jl i^Z KZ p 

the two-point function for and A^q is obtained as 

{A'',{p,z)AUq)) = -^\6^\27lr6\p + q){-^v,^). (3.16) 
V LP 



The two-point function f l3.16p is independent of the position z. 

For KK mode, the mode function has the 2- dependence. In analogy with Eq. (I3.15p . 
the formula is given by 

—G,{z,z')xn{z') = -r^,Xn{z). (3.17) 

From this equation, the two-point function for a five-dimensional gauge field and a four- 
dimensional KK-mode gauge field is obtained as 

{Al{p, z)AlM) = N^Xn{z)^^6''\2n)'6\p + q){-zv,u). (3.18) 

Diagrams with KK-mode external lines may be amputated with respect to the four- 
dimensional part, whereas the 2;-dependence such as NnXn{z) in Eq. fl3.18p needs to be 
taken into account in Eq. 02.10 . 



4 Loop corrections 

We calculate loop corrections of the three-point vertex in the model given in the previous 
section. For the one-loop diagrams, the tensor structure for momentum flow is analogous 
to the four- dimensional case. The Green function for gauge field is related to the four- 
dimensional gauge field propagator with the correspondence. 



p2 



^iGp{z,z')r]f,^, (4.1) 



in the ^ = 1 gauge. Using the same Feynman parameters as in four- dimensional case, we 
find the one-loop divergent part 



MtL,,,up = j^,^G,{G)r'^V,^,M,.,,.^, (4.2) 
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with 



Ml. 



loop 



-2 



13 l\Ui 9 



24/2 



-Uo 



(4.3) 



where the factors 13/8, —1/24 and —9/4 arise from three-point interactions, a ghost loop 
and the contribution with a four-point interaction, respectively. The tensor structure for 
the momentum flow of the external lines is given by 



V^,up = {q + 2p)uV^p - (p + '2q)t,Vup + {q - v)pVi^y 
The loop- and ^-integrals are included in 



(4.4) 



(47r)2 
2 

(4^ 



U2 



dz 
kz 
dz 
kz 



d^ 



dz\ r dz2 



(2vr) 



Ge{z,zi)Ge{z,Z2)Ge{zuZ2)i\ (4.5) 
£gl(G,(.,^0)^ (4.6) 



\e\<A, (2vr)^ Ji kzi kz2 
d^ 



These needs to be examined with a numerical analysis. Then A^i_ioop is obtained. The 
correspondence of Ui and U2 with the four- dimensional case is 



U2 o 



rf4 



2e 



(47r)2j J (27r)4 [£2 _ A]= 



L (4vr) 



rf4 



log 



(27r)4 [£2 _ /y,]^ 2 ° \/\ 



A' 



(4.7) 
(4.8) 



where -\/|A| has the scale of external momenta. The four-dimensional correspondent for 
Eq. (14. 3 P is given by 



A^i-ioop ^ - log ( ^ ) ^ - log 



A J 3 ^ VlOOGeV 



/10TeV\ 8 

= - log 10. 
/ 3 ^ 



(4.9) 



Since the momentum-dependence of Eq. (14. 9 p is logarithmic, the order of the value is not 
sensitive to a choice of the value of A. 

Now we analyze Ui given in Eq. (14. 7p . After the zi and Z2 integrals and the Wick 
rotation, Ui is written as 



dz 
kz 



diElG3{z)e%, 



(4.10) 



where the integral of the product of the Green functions is given by 



4iV 

—T{l) + 2ao{z)a2{z) 



TT 



-NP'eT{z) [{di{z)y + ao{z)ai{z)]] 



(4.11) 
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The functions appearing in Eq. (14. lip are written in terms of the modified Bessel functions 

as 



N 

di{z) 
T{z) 
do{z) 

doiz) 



TT 



1 



4 Ko{Pe)Io{PeZl) - Io{Pe)Ko{PeZl)' 
-z [K,{PEZL)h{PEz) + Io{PeZl)K^{Pez)] 



TT 



-2ai{z)di{z) - ao{z)d2{z) - a2{z)do{z), 
'-Z [Ko{PeZl)Io{Pez) - Io{PeZl)MPez)] 

o 

di{z) - do{z), 



Pez 



(4.12) 

(4.13) 
(4.14) 
(4.15) 

(4.16) 



where Ie denotes the length in the polar coordinate and Pe = ^E/k. The functions ai{z) 
are given by di{z) with the replacement zl — )■ 1. The detail of the derivation of Eq. (14.111) 
is shown in Appendix |Al Similarly U2 is obtained as 



dz 
kz 



where 



IG2{Z,Z) = -A-N\d,{z)) 



1 



diElG2{z,z)il, 



{ai{z)Y + ao{z)a2{z) 



(4.17) 



(4.18) 



We evaluate Ui = Ui/ log zi and tJ2 = U2/ log zi changing the values of k and z^. These 
values are order 0{1) at scales much larger than the TeV scale such as A^l^^i = lO^^GeV 
for Zl = 10^. The numerical values of Uj, j = 1,2 are tabulated in Tabled! From Eqs. (14. 7p 



Table 1: Ui = Ui/logzi and U2 = U2/ log Zi. For comparison, the four-dimensional 
correspondents are denoted. 



k/zL 


lO^GeV 


lO^GeV 


lO^GeV 


4D theory 


Zl 




10^ 


10^ 


10^1 


10^ 


10^ 


lO^i 


10^ 


10^ 


A/AV2 


Ui 
U2 


0.88 
1.51 


1.02 
1.52 


1.34 
2.12 


0.44 
0.55 


0.48 
0.70 


0.75 
1.08 


0.40 
0.52 


0.42 
0.62 


0.73 
1.06 


1 

0.5 



and (14. 8p . the four- dimensional correspondents satisfy Ui = 2U2- The contributions in 
the warped space tend to have 

Ui = ]filog zl < 2U2 = U2log zl, (4.19) 

The correspondence between the values in the four-dimensional case and the warped case 
occurs depending on k and zl- The value f/i ^ 1 is generated for a relatively small k/ zl- 
The value U2 ~ 0.5 is generated for a large zl and a relatively large k/zL- Once the factor 
Ui and U2 are obtained, the contribution A^i_ioop is derived from Eq. (14. 3p . The behavior 
of A4i-ioop = -^i-ioop/log^i as a function of Uj is shown in Figure [51 It is seen that 
the value A^i_ioop can be positive or negative in a region of Uj ~ 0{1). The numerical 
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5-5 

Figure 5: The dependence of A^i-ioop on f/i and f72. 



Table 2: M i.ioop = -Mi-ioop/ log ^j- 



k/zL 


lO^GeV 


lO^GeV 


lO^GeV 


4D theory 






10^ 


10^ 


lO^i 


10^ 


10^ 


10^1 


10^ 


10^ 


A/Ai/2 


-A^l-loop 


2.70 


3.06 


3.71 


0.89 


1.20 


1.84 


0.85 


1.06 


1.81 


0.67 



values of A^i-ioop for the parameters zl and k given in Tabled] are tabulated in Table |2l 
The value of M. i-ioop is order 0{1) and the explicit dependence of the correction M. i_ioop 
on the warp factor is logarithmic, log2;|^. In this sense, the perturbation including bulk 
contributions is valid even at scales which are the warp factor times larger than the TeV 
scale. The value A^i_ioop ~ 2/3 is obtained for a large zl and a relatively large k/zi 
where U2 in Eq. (14. 3 p is close to the four- dimensional value and Ui is relatively small. 
The feature of the result is summarized as follows. On the one hand, it is found that the 
value of the factor M. i-ioop in Table |2] is not so different from 2/3 in the four- dimensional 
case irrespective of the relation fl4.19p . On the other hand, each diagrams to compose the 
total contribution can give the same value as in the four- dimensional case. 



5 A viewpoint for higher-dimensional operators 

Since the gauge coupling is negative mass dimension [g] = [mass]~^/^, gauge-invariant 
higher-dimensional operators can be infinitely written down. This effect would need to 
be taken into account and the action integral is generally written as 

/» 00 
d^x / rf^5^5^Q,,r?2rfa+5„ (5.1) 
d=0 i 

where 0£,,i denote a operator with dimension [mass]^ for species i and c^ i is the corre- 
sponding coefficient. However, it is unclear whether all Cd^i can be fixed in the present 
framework. We would like to achieve any approach to identify corrections to low-energy 
interactions with leaving part of Cd,i unknown. We have examined corrections for the 
zero- mode interaction in the mode expansion of the three-point interaction in Eq. (13. 5p . 

j d'x (^-^r'^d.At, . AfA'^,^^ . (5.2) 
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If higher-dimensional operators exist, they contribute to this vertex. For example, there 
would be dimension- seven operators 

C2,iD''DpFmn ■ F''^ + C2,2D''DpFmn ■ + ■ ■ ■ . (5.3) 

For simplicity, we assume that C2.1 is dominant over the other coefficients. Then propa- 
gator has an extra factor l/(c2.ip^) for a large momentum. In addition, three-point and 
four-point vertices have an extra factor C2,ip^ for a large momentum. Because the prop- 
agator is suppressed by an extra factor, the divergent correction to Eq. (15. 2p arises not 
from the original dimension-five operators but from the dimension-seven operators. One- 
loop diagrams are the same form as drawn by the original dimension-five operators. The 
diagram composed of only three-point vertex has three internal propagators and three 
vertices. The ghost loop is similar. The diagram including four-point vertex has two 
internal propagators and two vertices. Therefore, the extra factors in the propagator and 
the vertices are canceled each other in the diagrams. This is depicted in Figure [61 Then 




Figure 6: Cancellation of the extra factor A = C2^ip^ . 

we do not need to know what the value of the coefficient C2,i is. Although the idea here is 
not a solution of the problem of higher-dimensional operators, further development might 
lead to a method to bypath the problem of higher- dimensional operators. 

6 Conclusion 

We have studied a quantum field theory in warped space at an intermediate scale between 
the TeV and the Planck scales. Our point has been to avoid the appearance of the Planck 
scale in the present framework by placing the intermediate and TeV branes at the ends 
of the bulk instead of the Planck and TeV branes. For this setup, we have examined 
vertex corrections to self-coupling where zero modes are in external lines. In the present 
case, zero mode is dynamical below the TeV scale. The effect of a position-dependent 
cutoff has been included via the extra-dimensional integral. The cutoff for the four- 
momentum = Kzl/z is determined by the smallest interacting point z. It has been 
shown that there is also a technical advantage with zero mode in external lines. The Green 
function connecting a five- dimensional field to a four- dimensional zero mode is position- 
independent so that calculations are performed for amputated diagrams. After integrals 
of products of the five-dimensional Green functions, we have found the vertex correction 
■M. i-ioop which depends on the curvature and the warp factor. The values of the corrections 
are not so different from the four- dimensional correspondent. Its explicit dependence on 
the warp factor is logarithmic, log^^. This supports validity of perturbation at the 
intermediate scale. As for the correspondence with the four-dimensional theory, the value 
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?7i ~ 1 is generated for a relatively small k/zi. The values IJ2 ~ 0.5 and Mi_ioop ~ 2/3 
are generated for a large and a relatively large k/z^. In addition to the issue of 
perturbation, we have discussed the problem of higher-dimensional operators associated 
with non-renormalizability. We have pointed out the possibility that the extra factor 
originated from a higher- dimensional operator is canceled in the loop diagrams for the 
zero-mode self-coupling vertex. It still remains to examine higher- dimensional aspects 
from various viewpoints. It needs to be investigated further how a higher-dimensional 
theory can be a quantum field theory. 



Acknowledgment s 

This work is supported by Scientific Grants from the Ministry of Education and Science, 
Grant No. 20244028. 



11 



A Green functions 



A.l Solutions 



For the variables u = m.in{z, z'), v = max(z, z'), and P = a/j'^/A;^, the Green functions 
are given by 

Gp{u,v) = Nai{u)di{v), Sp{u,v) = Nao{u)do{v) (A.l) 
Here the u- and w-dependent parts are 

ai{u) = u{AJi{Pu) + BYi{Pu)), diiy) = v{CJi{Pv) + DYi{Pv)). (A.2) 
and the constants are given by 

A^-MP), c = -MP.,), ;v = i-j^. (A.3) 

B = J„{P), D = J„(P:,.). (A.4) 
The function Gp satisfies Neumann condition 

duGp{u,v) =dyGp{u,v) =0. (A. 5) 



u=l 

The function Sp satisfies Dirichlet condition 



u=l 



Sp{u,v) = Sp{u,v) =0. (A. 6) 



v=zl 



A.2 Integrals of products of Green functions 

One of general integrals of two Green functions is 

Ig2{z,Zi)= [ P^Gi{zi,Z2)Ge{z,Z2) 

Jl kZ2 



[ -J Ge{zi, Z2)z2<ziGe{z, Z2)z2<z + [ Gl{Zi, Z2)z2>zxGl{z, Z2)z2<2 

Jl >^Z2 Jzj KZ2 



^\{zi)di{z) r ^{ai{z2)y + ^ai{z,)di{z) f ^di(z2)ai(^2)(A.7) 



' zi 

-(01(^2))^ + ^01(^1)^1(2;) / — 
k Jl Z2 k J^^ Z2 

where P = ^JWJW has been substituted. The integrals for the above two terms are given 
by 

^ dz' 1 
^(ai(^'))' = 2 - «o(^)a2(^)} , (A.8) 

^ dz' 1 
'^a,{z')d,{z') = -T{z), (A.9) 

with T{z) = 2ai{z)di{z) — ao{z)d2{z) — a2{z)do{z). The equation flA.7l) is written as 

Ig2{z, 2i) = Fi(2)rfi(2i) + F2{z)ziaoiz,) + ^3(2)01(21). (A.IO) 
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Here 



Fiiz) 



iV2 2 



di{z) 



Foiz) 



N 



di{z) 



(A.ll) 
(A.12) 



The integral of three Green functions appearing in one-loop diagrams is 

dzi dz2 



Ig3{z) 



1 kzi kz2 



-Gi{z, zi)Gi{zi, Z2)Gi{z, Z2) 



-^di{z)F^ 
N 

+ jdi{z)Fs 



J 1 



N 

-^d^{z)F2 



J 1 



- {{ai{zi)Y - 00(^1)02(2:1)} 



Here the formula 



dz'{a^{z')ao{z')) 



2P 



Mzi)f 



(A.13) 



(A.14) 



has been used. The equation (lA.lSp can be arranged further via the Wick rotation. For 
P = iPei the functions Oj and di are written as 



01(2; 
di{z 
ao(z 
do{z 
a2{z 
d2(z 



2? 

-z [Ko{PE)h{PEz) + Io{Pe)Ki{Pez)] , 

71 

2? 

-Z [Ko{PEZL)h{PEz) + Io{PeZl)K^{Pez)] , 

TT 

-z [K^{PE)h{PEz) - Io{Pe)Ko{Pez)] , 

IT 

-z [Ko{PeZl)Io{Pez) - Io{PeZl)Ko{Pez)] , 

71 

[Ko{PE)h{PEz) + Io{Pe)K,{Pez)] - ao{z), 

Pett 

[Ko{PeZl)Ii{Pez) + Io{PeZl)Ki{Pez)] - do{z) 

Pe7T 



(A.15) 
(A.16) 
(A.17) 
(A.18) 
(A.19) 
(A.20) 



where Eqs. flB.2l) and fIB.SP have been used. With these equations, Jgs is written as 
Eq. dHU). 



B Bessel function formula 

The formula 

Jo{Pz)Yi{Pz)-Yo{Pz)J,{Pz) 



71 Pz ' 



is often used in the analysis in this paper. 

Correspondingly to the Wick rotation, the following equations are useful: 

2 

Jo{zz) = Io{z), Yo{iz) = iIq{z) A'o(z), 



2? 

J,{tz) = th{z), Y^iiz) = -h{z) + -K,{z). 

71 



(B.l) 

(B.2) 
(B.3) 



13 



References 

[1] N. S. Manton, Nucl. Phys. B 158, 141 (1979). 
[2] D. B. Fairlie, Phys. Lett. B 82, 97 (1979). 
[3] D. B. Fairlie, J. Phys. G 5, L55 (1979). 
[4] Y. Hosotani, Phys. Lett. B 126, 309 (1983). 
[5] Y. Hosotani, Phys. Lett. B 129, 193 (1983). 
[6] I. Antoniadis, Phys. Lett. B 246, 377 (1990). 

[7] N. Arkani-Hamed, S. D imopoulos and G. R. Dvah, Phys. Lett. B 429, 263 (1998) 
|arXiv:hep-ph /98033l5 ). 

[8] L Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436, 
257 (1998) |arXiv:hep-ph/9804398 |. 

[9] H. Hatanaka, T. Inami and C. S. Lim, Mod. Phys. Lett. A 13, 2601 (1998) 
|arXiv:hep-th/9805067 |. 

[10] L. Randall and R . Sundrum, Phys. Rev. Lett. 83, 3370 (1999) 
|arXiv:hep-ph/9905221| . 

[11] L. Randall and R . Sundrum, Phys. Rev. Lett. 83, 4690 (1999) 
|arXiv:hep-th/9906064| . 

[12] T. Appelquist, H. C. C heng and B. A. Dobrescu, Phys. Rev. D 64, 035002 (2001) 
|arXiv:hep-ph/0012 100|. 

[13] K. R. Dienes, E. Du das and T. Gherghetta, Phys. Lett. B 436, 55 (1998) 
| arXiv:hep-ph/98034 66]. 

[14] K. R. Dien es, E. Dudas and T. Gherghetta, Nucl. Phys. B 537, 47 (1999) 
|arXiv:h"i^ph/9806292 |. 

[15] A. Pomarol, Phys. Rev. Lett. 85, 4004 (2000) |arXiv:hep-ph/0005293| . 

[16] L. Randall and M. D. Schwartz, JHEP 0111, 003 (2001) |arXiv:hep-th/0108114| . 

[17] G. Bhattacharyya, A. Datta, S. K. Majee and A. Raychaudhuri, Nucl. Phys. B 760, 
117 (2007) | arXiv:hep-p h/0608208]. 

[18] N. Uekusa, Phys. Rev. D 75, 064014 (2007) |: arXiv:hep-th/0701159l . 

[19] N. Uekusa. E?Xiv: 1004.44101 [hep-ph]. 



14 



